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Pee ke DICTION OF OCEAN THERMAL STRUCTURE 


Attempts to predict the vertical temperature profile in 
a large body of water can be quite varied. A climatological 
atlas may be used and a profile chosen which corresponds to 
the location and time of interest. The cliimatology may be 
updated using an interpolation from one climatological 
period to another. A recent méasurzment in an area can be 
Sees tO MOd2 fy the "elbamatological prediction, thus producing 
amore <ime-sensitive prediction. Measurements which may be 
used to to modify climatological predictions are temperature 
Structure in the upper ocean and ssa surface +temperaturs 
(SST). 

The bathy*thermograrph (BT) provides a temperature profile 
at a point, while satellite measurenents can provide recent 
sea surface temperature patterns over an area of interest. 
A combination of climatology, recently-measured temperatures 
Eemeecute (ET), and satellite-derived SST cculd provide 2 
very reasonabl2 prediction of th vertical +4mpérature 


Beerite for a body of water 


fee e ROBMEM OF ACOUSTIC PREDICTIONS 


Accurate predictions cf transmission loss depend on 


accurate specifications of water masses alorg an acoustic 


patna. The pLlimary physically-measurable quantity which 
affects sound speed (and thus transmission loss) is tempera- 
ture. Temperature structure of the water is an important 
@eceor 1m acoustic losses along a transmission path. Pacer e 


2S nO way to gather temperature vorofiless rapidly along a 





desired track. To measure temperatures along the tracks 
analyzed for the experiment discussed in this thesis 
required a nine-hour mission by a dedicated patrol aircraft. 
The operational fleet user does not have the luxury of dedi- 
cated air assets to provide a detailed thermal description 
of an area of acoustic interest. 

Obvicusly, the employment of a dedicated patrol aircraft 
loaded with a store of expendable bathvthermogzraphs is not 3 
Meatistic¢ solution to the probiem of predicting acoustic 
Peeperties in Various locaticens of the werld. The use of 
numerical models, relying on climatological files, and modi- 
fied by recent observations, provides a first guess in 
predicting «thermal structure. However, these models require 
time to produce results, and may *herefore not accurately 


present the actual thermal structure. 


If a coupling exists between conditions at the air-sea 
bcundary and the depth of the mixed layer, satellites can 
provide a meanS oz rapidly surveying the sea surface in an 


u 
oceanic operating area. The Satellite sea surface? 
observations could then be used to estimate the 

temperature structure thrcughout the operating a 
good linkage exists between sea surface conditions and «he 
mixed layer depth, the accuracy and *imeliness of acoustic 
predictions could be improved. Such ocean surface 
conditions observable remctely by satellite include sea 


surface temperature, ocean color, and topoaraphy. 


Meee APE RIMENTAL BASIS FOR THIS THESIS 


In November and December of 1980, *he Naval Postgraduats¢s 
menec!l conducted the Acoustic Storn Transfer and Responses 
Experiment (ASTREX). This *xperiment was conducted as part 
ef the first Storm Transfer and Response Experimene 


( 
@eejyOint <investigaticn by United States and Can 
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determine che effects on the air-sea boundary of North 
Pacific storms, and the converse [Ref. 1]. Figure 1.1 shows 
mew Location Of “he ASTREX area in the context of the 
eastern North Pacific Ccean. Three flight tracks were 
examined within “his aréa. Each track covered a diagonal 
through «he central area of the square from the southeast to 


the northwest. 
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Ae OVERVIEW OF THE EASTERN NORTH PACIFIC OCEAN 


Much of the research conducted in the Eastern North 
Pacific Ocaan rélies on data collected at Ocean 
Seacion "Pp" (OWS-2£), located at 50N, 145W, int 
the Gulf of Alaska. The reséarch project reporzed here 
Operated in an area of the Nerth Pacific tc the e 
Seuth of OWS-P. Tabata [Ref. 2] concluded that the charac- 
teristics of OWS-P were representative of the waters in ths 
Meortheast Pacific region 

iesan Scat2On "PP" 5 situetsd morth of the Subarctic 


Current, weli to the northwest of the divergence which is 


formed hen the West Wind Drift apprceaches the North 
American continent [{Ref. 3]. he Caterosnie Cuztent is the 


southerly component of the West Wind Drift after it divideas, 
while the northerly componen= forms «the Alaska Curren« and 

Bentinues i*~s flow into she Blaska Gyre (Ref. 4]. 
fees Climatological dascriotion of *+he project area 
depends on a combination of multipl2e-year observations frem 
a 


OWS-P ard observations withir the area itsel£. The Segqzen 


meom Which “he data were taken includes the subarctic front 
eee tc ne Source cf the California Current. Tre. Cate omens 
Current is a permanent feature in the observaticn area. 
The cbhservation ares may be described by three regions: 
Meme cOastal, Or Transition Region, extends from ~he coast 
out to 130W; «the Subarctic Watermass extends seaward beyond 
mmees COaSct~al zone to th= north of 42N; epdeehe- Cene aa 1. 
u es 


Pacific Water em Of 421; fone ie oul. Beurdas2 
q rE 


m 
separating he 2 dynamic, and demarcation lines 


Semeve CNly as initial posizions for sbserving variability. 
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A seasonal change in the location of these boundaries 
can be noxed from observations of climatological data. 
These seasonal changes can be related, in part, to weather 
conditions in the Northeast Pacific. In the winter, the 


Aleutian Low dominates the atmospheric sea level pressure 


patterns, and in the Summer the region is under <«*he 
influence of the North Pacific High. These systems both 
drive the orevailing westerly winds, which give rise to the 
Wes+ Wind Drift in the upper ocean {Ref. 7]. 


Although the boundaries do vary, the variation of the 
boundary between the Subarctic and the Subtropic watermasses 
1s low. Tiere POSZ ELON (Of the front was “relatively 
constant", between 4ON and 42N, as observed by Dodimead et 
ce PRee. 8}, Roden [Ref. 9] found the position of the 
front to vary from 4ON to 45N, and stated that this frontal 
position was highly dependent on the prevailing wind fields. 
This seems reasonable fcr a latitudinal boundary as the wind 
direction remains predominately westerly from month <¢t9 
month, while wind speed in winter is generally «wice «hat of 
Summer [ Ref. 10}. 

Dodimead et al. found thaz the coastal zone was nuch 
smaller in winter than in summer [Ref. 11]. Pies «could be 
due in part to an increase in wind speed in winter (compared 
+O summer) along a longitudindai boundary that is terminated 


by the coastal zone and North America. 


Bees oleR MASS CHARACTERISTICS 


The regicn used for ASTREX contains three water masses. 
These are: WeeGeeoca lt) WG-25 Cxcend:2g Erom the coast to <he 
Beeercrnie Curren¢e (1308): 2) Moasmeln subeecti1Cc. Pach fic 
Water extending southward +to about 42N; and 3) Subtropic 
Peeetic Water to the south of 42N [Ref. 121}. 
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Dodimead et al. reviewed the area in terms of various 
domains. This description shows thre¢ zones in +h? vertical 
salinity structure: the upver zone, located above 2 perma- 
nent halocline, displays 2 seasonal variation; the permanent 
halocline (100-200n) represents the second zone whose 


vertical extent varies with latitude; below the halccline is 


the lower zcne, Which begins at the salinity surface (S = 
Bead g/kg), and has gzradually-increasing salinity and 
decreasing temperature with depth. et isplays less 


seasonal variation in ‘temperatur= and salinity than the 


upper zone. [Ref. 13]. 


fei the | GDSer ZoOre, *he region is influenced by both 
Ceastal and Transitional Domains. The lower zone can be 
Mame toned 2nto <the Central Subarctic, Transitional and 


C 
California Indercurrent Domains [Ref. 14]. 

The Tabata and Dedimead ef al. descriptions vary in 
approach, but results are Similiar for che 


Structure of the ASTREX ragion. 


1. Watermass Analysis 


The Coastal wWaternass, referred to es the Transition 
Region by Sverdrup, Johnson and Fleming (1942), extends from 
mee cOase Of California =5 about 130W Longitude, where it is 
bounded by the Eastern North Pacific Central Water (or 


Bp cLODLCc Pacific Water according to Tully, 1964). 


Both the scuthward California Gurren=. and’ <=he 
inshore Cctin=erecurrent (Davidson Current) make +he 
Transition Zone highly variable. ByeConeSase., both the 


eipa=ccic Pacific Water and the Subtropic Pacific Water have 
much léss variability over time. 

Predominately during spring and summer, upwelling 
Sectrs OLt the California coast. Roe ceg2ors Of Upwell=ag, 


the sea surface temperatures in summ2> may be lower than in 
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winter. The Davidson countercurrent continues to ‘flow 
northward during the upwelling season, but at dépths greater 
than 200 meters. During the winter, the Davidson Current 
may extend to the surface and flow northward <9 about 48N. 
An examination of monthly mean depths to the tcp of 
the thermocline shows a depth variaticn of 15 to 60 meters 
at the end cf the upweliing season (July-September). A vari- 
ation of 45 =o 90 meters in the denth of the thermocline can 


be noted at the end of the winter season (January-February). 


b 


Additionally, in all seasons, che mixed layer despens with 
increasing distance from *he coast. [Ref. 16]. 


Cee ® tier cOasc, in =he Tiansiticn Zone, salinity 


and temperature structures will be affected by both 
upwelling and ccastal run-off. With increasing distance 
from th= coast, a more stable structure develops. West of 
130W, Semieias Les momen Sierace, Are 32.5 29 33.0 a/Xg, 


mrereasing to about 33.0 to 33.5 g/kqa at 120 meters depth. 
The Eastern Subarctic Pacific Watéermass is charac- 
terized by three layers. The upper layer (surface to 
approximately 100 meters) is seasonal in structure. 1B 
winter this layer is well-mixed, but in summer a sharp ther- 
mcciine and a halocline form in this layer. The second 
layer is the "principal" halocline (from 100 to 200 meters) 
Memen NerkS the “fansition f20m “=he seasonal layer *o <=he 
"stable" deep layer. In the deep or lower layer (depths 
greater than 200 meters), the salinity increases with dépth 
and the temperatures decreasss. Ac 1000 meters depth, «tha 
temperature is 2.8C and salinity is 34.4 g/kg. 
By. COntzas= Rio weoUre sent c Pacific Wa 
permanent halocline. Rather, it shows a salinity decreasi 
With depth to a minimum between 200 and 8 
Temperature is the dominating factor in the formation of < 
a a 


seasonal layer. The upper zone, which displays seasonal 
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temperature variations, axtends to a depth of about 41590 
meters, beyond which a permanent thermccline exists. Ass 


seasonal zone is isothermal to a depth of 150 meters in 
early spring, Shallowing to a depth of 40 ¢t9 60 meters 


during <he summer and into fall. 


By partitioning the area into well-defined domains, 
amore detailed description of the water masses can be made. 
However, there are few clear-cut boundaries in either the 
upper or lower zones, and the halocline vanish2s in cartain 
Situations {Ref. 17}. 

The upper zone of the test region is 2 combination 
of Transitional and Coastal Domains. The Coastal Domain has 
athermal structure which is very d2pendent on location. 
Such location-dependent vorocesses as river run-off, heating 
and cooling, and wind cause the Coastal Domain toc be highly 
Weare anlescrrom place =o place [Ref. 18 }. 

The Transitional Domain can be identified by rela- 
tively warm waters (T>15C in summer and T>7C in winter), and 
Bebauively high salinities (S>32.2 g/kg at the surface and 
Beooee4 G/Kg at the top of the halocline). irene tess 
region however, the salinities may be somewhat lower 


f{Ref. 19] (as discussed e2arlier, mean salinities at the 


Eveteace in the test region were 32.5 +0 33.0 g/kg; at «he 
meomo2c tn= halocline the salinities were 33.0 to 33.5 a/kgq). 

Based on the domain description, The oper Zornes of 
the test region can b¢ characteriz:=d1 by a layer cf water 
approximately one hundr2d meters deep, C12ch- Varies 
seasonally. This upper zone shows ar iin 


Weer Gdenoth <o the halocline whan it exists. An e¢ven 
Seeeenget increase cf salinity cccurs through <<! 


h 
003 g/kq/m < GRAD (S) < .008 g/kg/m). Nese bO= 26m “Cr 
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the halociline the salinity approaches 33.8 g/kq. PESO, 2 
temperature minimum may occur at the bottom of the upper 
layer f{ Ref. 21]. 

The upper zone responds to 2atmosph2ric aittiects and 
shows much more variability than does +he lower zore. The 
halocline acts as a “permanent boundary" between the upper 
zone and the lower zone. | to the upper zone, the 
lower zone has a stable salinity structure. [{Ref. 22]. 

A second halocline forms in the upper zone during 
the summer. This halocline begins at 10 *o 30 meters depth 
and is due zo the mixing effects of the light summer winds. 
Below this secondary halocline (which can extend to 75 
meters), the water is nearly isohalin2 down to the vorincipal 
halocline (100 to 200 meters depth in «he Subarctic Water) 
(Ref. 23]. 

The lower zone of the test region can be partitione 
into (at most) three domains, depending on the season. 
Tnese lower domains are the Central Subazrctic, [fransiticnal, 


emo e£he California Undercurrent [Ref. 24}. 


2a 
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(D 
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The Central Subarctic Domain is typical of the 
layer water in the northwest corner of the test region. 


This is also the water type associated with OWS-P. Dodimead 


fem al. SOS nite ¥ this domain é@S water underiying 3 
well-defined halocline At OWS-P, the halocline is defined 
Eyed Salinity a Seemed G7KGsper meter. The salinity 
increases wit depth ver slowly in the lower Ilaver 
fret. 25}. 

Tie Transttaonal Demain underlies eae surface 


@eureerpe. . =hreughout the southern half cf «he test region 
and also extends through the northeast quarter of the 
Eegion. Near the coast, both this domain and the Califcrnia 
Mee recusrent can exist. The Transitional Domain is stron 


influenced hy the major g2ostrophic currents in che area. 
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ns (Ref. 27]. 
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Lower Zone Doma 
2a 


gure 2.6 
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It is a narrow band underlying the West Wind Drift and 
broadens as this current separates «ce form the Alaskan and 
@atafornia currents. In the Transi+ional Domain che 
halocline is less prenounced than in the Central Subarctic 
Domain. The Transitional Domain bridges the gap between the 
strongly-layered Subarctic Water and *he Subtropical Water 


mech kas no distinct halocline (Ref. 28}. 


The third lower domain present in the test area is 
the California Undercurrent Domain. As the name implies, 
urface 


this domain is influenced principally by th2 subs 
Geurctercurfrent which runs northward near the coast 

ccuntercurrent originates in the warm water of the Eastern 
Central Pacific Water. Dodimead ¢+ al. characterizes 
California Undercurrent water by temperatures greater than 
6C on “he 34 g/kg surface of salinity, as opposed to <he 
Transitional Domain defined at a salinity of 33.8 g/kg with 


temperatures less than 6.5C {Ref. 29]. 


3. Temperature Structure 


=. 2 


The salinity structure of +h sastern North Pacific 
provides a relatively stable basis for defining water nesses 
in the area. HOWEVEI, character:zazion cf water masses 
requires 2 salinity-temperature relationship 2s well. The 

En eOmLa 


n 
true variability of acoustic conditions in the éaste 
Meee sic must come from periodic and/or random variations in 
temperature which are superimposed on the basic density 
Seeucture de Mined by salinity. O= VCousc=, sa 
Variations may be of impertance in th 
ia Ne intrusions of fresh water or morte saline 

upwelled water may cccur. 

At OWS-P, the temperature of the upper zone has an 
annual periodic variation, reaching a maximum in the late 


4 


summer, anda minimun in ate winter. The maximum annual 





temperature variation noted between 1956 and 1962 was about 
9C. Variations of temperature in the entire upper zone 
followed the Same cycle as s2a Sustaceou eslpezature, 
appearirg *o be in phase with the periodic sea surface 
temperature variation [Ref. 30]. 
As with salinity, the temperature variations are 
greatest in the upper zone. The temperature range decreases 
Tom a maximum of 9C in the upper 50 meters to iess than 3C 
w the khalocline, the 


small temperature variation with depth (gradient) should be 


variation at 125 meters diepth. Belo 


reasonably well predicted from monthly climatological data. 
In the upper zone, a seasonal thermocline begirs to 


fewelop in Spring with «the advent of th 
P Pp g 


p 
ie 
7 
ay 
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The isothermal March layer becomes a two-layer a 


through April when a seasonal thermocline begins to dé 


E 
Vv 

at abcu+ 30 meters. This seasonal thermocline reaches 

maximum depth of about 50 meters, depending on the = 


O WM 


of the prevailing winds, but can be expected <= 
between 30 and 50 meters during the spring and summer. The 
thermocline shows the strongest gradien* in late summer 
(August-September), when it is at its shallcwest depth (30 
meters) [Ref. 31]. 

With the advent of autumn, the cooling season 
Begins. The seascnal thermocline deepens «hreugheu* the 
cooling season due to th® effects of colder surface water 
and increased mixing caused by the strong winter winds. 


The seasonal thermocline forms, coinciders with the 


MemmaclOn Of the secondary cr seasoral halecline. This 
mmemmociine is very stable, and hencs, the structure cf «he 
upper zone is quite predictable [Ref. 32]. The seasonal 
thermocline and permanent halccline locations can bé used as 
meeitw= =O predict the vertical structur2 of the upp 100 
Mmeeer layer during the heating and cooling seasons. S¢a 





surface ‘*emperatures may provide input Paden Gg se <hic 
strength of the seasonal thermocline (gradient) since both 
the layer thickness and the temperature at the bottom of the 
thermocline remain relatively constant. 

Characteristics of the Subarctic Water are found in 
the waters which comprise the Transitional Domain. Water 
in the Coastal Domain, on the other hand, will véry from the 
sugerctic Water structure. Coastal Waters remain very near 
mye cOas= in Winter, but extend further seaward in the 
SUMMEL. The primary effect of mingling Coastal Warters with 
Transition Water will be on salinity structures. The Coastal 
Water tends to be less saline than Transition Water. A 
winter section of temperature and salinity taken through the 
eest region in 1959 indicated a narrew zone of coastal 
influence (to about 130W), which showed as an incr2ass in 
temperature and decrease in salinity from the Transitional 
Domain. A summer section at the same latitude showed a 
streng coastal influence out to 130W; the temperatures wers 
much warmer and salinities much lowtr in the Coastal Domain 


mem in the Transiticnal Domain. 


Seer 2 On OLOGY OF THE EASTERN NORTS PACIFIC OCEAN 


The discussion of the meteorology of the ASTREX region 
mmaeche northeast Pacifis Ocean will be limited to factors 
which affect spaceborne instruments, rather than tzhoss 
factors which influence the circulation and heat transfer in 


+he area. 


> 
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The most obvious pat rference encountered Ly 
Eo 


a 
Sspacetorne instrument is atmospheric moisture in the form of 


Sond s. During ASTREX, clcuds obscured mos of the satel- 
lite fieid of view on évery measurement day. Since the 
purpose of the experiment involved studying the effects of 


ects 
North Pacific storms, cloudiness was an unavoidable obstacls 
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for the secondary mission of comparing satellite data to In 
Situ observations. Winter cloudiness in the North Pacific 
is a mavjor problem for visual and infrared imaging of the 
ocean surface. 

The meteorological phenomena which directiy affec* 
space-based ocean viewing instruments are aerosols in the 
merm Of mMOiSture end salts. Me2stur2>, in its cbhvicus forks 
of clouds and rain, severely degraiesS passive observation 
instruments which rely on Wise! ©GE- Apfrased Energy. 
Passive microwave radiometers suffer degradation wnen the 
viewing area includes severe rains. 

The Navy Marine Climatic Atlas of the World [Ref. 33] 
Masmercorsuited =o determine climatic conditzons in the 
Bastern North Pacific in November and December. Hos Sern 
months, cloudiness greater than 4/8 can be expected about 
four days in five. This represents a severe degradation for 
visual and infrared imaging cf the North Pacific waters in 
November and December. 

PecCipl=etion reported in the Atlas increases from i9 
percent in November +o about 24 percent in Decem 
other words, rain occurs about one day in five in November 
Saaeon] day in four in December. Rain constitutes an irter- 
ference effect for passive microwave systems and total 
degradation for visual and infrared systems. 

Relative humidity was reported es aqre¢eater than 90 
Bescent cne day in five in November ard one day in four i: 
December. ios fe yews the prec: pits<ion variation. Maul 
am@msitdren (Ref. 34] reported on effects of water vapor at 
“5N and 60N. Bole Ness sCUOE., Wa.erl Vapor conten*= in the 
atmosphere cver the Eastern North P between 40O-SON) 


ac ( 
can cause a temperature e2rror of the order of 2 degrees 
1 


Kelvin in winter and 6 degrees Kelvin in summer. These 
errors represent the difference between UnGOLsee esd 


a2 





satellite sea surface temperature observations and actual 


Sea surface ~emperatures. 
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Awe Lo TRUMENTS FOR CBSERVING [THE OCEANS 
1. Visual and Infrared Imaging 


Several series of satellites have beth visual and 
infrared capabilities. Among these satellites are the GOES 
ries, NIMBUS series, and NOAA s#riéss. Stewart (1981) 
presents an excellent summary of satellite instruments used 
for oceanography. Hewatso last seens Satellates which cazry 
oceanographic instruments and the spec Cc instruments sach 
satellite carries [Ref. 35]. 

The Geostaticnary Observational Environmental 
Satellite (GOSS) system is composed of two satellites in 
geosynchronous earth orbits over the equator. The setel- 
lites, designated GOES-East (subvoint at 75 degrees west 
Long: tude) nd GOES-West (subpoin= a*+ 135 degrees wes 
Longitude), scan the earth, with overlapping coverad¢ over 
ene Americas, from Africa to the western Pacific Ocean 
feet. 36}. 


The GOSS satellites, using the visible and infrared 


” 
ze] 
j-4- 
$2 
in 


Cae wradsemece: S(VISSR). Can scan the fuli disk of <h> 
h 


earth in 18.2 minutes and géeneratS an image every ch: 
ie 


Minutes {Ref. 37]. Figure 3.1 is a visual image produced by 
ee GOES VISSR. Table T iists the spectral channels and 
moose luclons for the VISSR. Migduece 3.2 PESsents the arnos- 
pheric transmission windows for the visibie and infrared 


porticns of the electromagnetic spec«rum. 
GOES can vrovide near-real-time coverage of oceanic 
areas in the Atlantic ard Pacific Oceans. GOES imagerv was 


utilized during the STREX experiment as a meteorological 
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TABLE TI 


Visible and Infrared Spin Scan Radiometer (VISSR) 
Channelization. 


Charnel Spatial Resolution Wavelength 
(at subpoint) (micrometers) 

Visible 1 ko Oso) = 0.75 

Infrared 8 ka Om 5) — eo 

Not © $ | r 

eer. Steaie lis: spacial resolu*ion for the visible 
channel as 0.5 nautical niles, and 5S nautical mils 
Bemecne itieazed channel. 

aid. GOES images of sea surface temperature are useful for 

Seuaying oceanic circulation, but the spatial resolution is 


not as good (8 km) as the resolution from sazellites in low 
earth orbits, such as NOAA-6 (1.1 kn resolution at infrared 
wavelengths). 


The Nimbus-7 spacecraft carries the Coastal Zone 
m 


Senor Scanner (CZCS), which is 2 visual radiation instrumant 
centered in specific wavelength bands zo measure 
Seoncentra*icns cf phytoplankton in the ocean. Table ITI 


Shows the wavelengths for indicated CZCS channels. 

The Advanced Very High Resolution Radiometer (AVHRR) 
is a five-channel instrument used on the WNOAA-6 ard NOAA-7 
Spacectrart. The AVHRR on the NOAA-6 hasS one visual channel 
and three infrared channels (the fifth chann=l is a repeat 
Of channel four). NOAA-7 utilizes a11 five channels. sor 
AVHRR has a ground resolution of 1.1 km in all channels. In 


mies aQay 28>, =he first cwo channels (visible and far red to 


near IR) can be used to filter cloud-centaminatsd infrared 
measurements. Channel three (3.5-3.93 um) can orly be used 


at night because of sever ccntamination by reflected solar 
energy. Channel four (710.5-11.5um) can be used day or night 


for measuring sea surface tempearaturs. 


a5 








(Ref. 38]. 
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Wes tots, JEaE 


Ceaeral Zone Color Seanner (CZCS) Channelization. 


Channel Wavelength (microneters) 
1 0.423 = 0.453 (ook, 
2 CaO = Os0 green 
3 0.540 =- 0.560 green 
uy 0.660 - 0.680 ted) 
5 02700. —- 0a800 far red/near IR) 
6 Oe S eee te. 5 far IR) 
Note: 
ihe Grarnnel 6 failed in 1979. 
2. Resolution is approximately 1 km for all channels. 


“wa 


fades iPr S adapcsd from both Reference 36 and 37. 
Tt lists the AVHRR spectral channels for the AVHRR/1 and 
AVHRR /2. 


PAGE ci it 


Advanced Very High Resclution Radiometer (AVHRR) 
Gnean ps isvzat sor 


Channel Wavelength (micrometers) 
1 0.58 - 0.68 visible) 
2 Oe 25 =. 1. 10 ame red=-"saz IR) 
S: Bee oe 9S middle I: 
4 0's in (ee. far IR 
s) eens =e 22, 5 tae ER 

Note: ; . : : : 

fe opPetial resolution at satellite subpoint is 
Meo Tau-2cal miles (1.1 Km). 

feeeecananr=! & wWayelenaqth is 10.3 - 11.3 um for all 
pyakk/2 LNSTLUMEN TS. . 

3. Channel 5 added to further enhance sea surface 
measurements in the tropics. 
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The noise equivalent temperaturs (NETD) of «hz AVHRR 
is less than 0.12 degrees Kelvin for a 300 degree Kelvir 
scene [{Ref. 40}. The temperature sensitivity for the chan- 
nels iS approximately 0.5-degrees-Kelvin when viewing a 
300-degree-Kelvin scene. Since the noise equivalent *enper- 
m 


ature of the system is less than the teé 


of the channels, ide fication of thermal gradients on “he 
order of 0.5-degrees-Kelvin per kilometer is feasible. 
In Chapter two, the meteoroslogical phenomena which 


interfere with visible and infrared imagery o£ the ccean 
surface were discussed. The following discussion deals with 
the AVHRR and techniques used to compensate for atmosph2ric 
effects. The AVHRR measures a "brightness temnoerature" of 
the sea surface, and thea actual temperature can be computed 
using physical radiation laws. The sea surface *emperature 
2s calculated from the brightness <emperature by cortecting 
for attenuation and emission of the atmosphers. The 


radiometer is calibrated on board the spacecraft by having 


the instrument view deep space (approximataly 
2-degree-Kéelvin black body), and the radiometer housing 
(monitored by *«hermistors). The multiechannel simultaneous 


imaqing of the séa surface forms the basis for the atmos- 
Dnheric corrections used fsr the AVHRR measurements. 
Deschamps and Phulpin “Ref. 41] proposed 3 
fieeci Spec = sal correction method which is the basis for the 
AVHRR measurement accuracy of sea surface temperature. The 
Simultaneous solution Oe theese differen = iw ndow" 
measurements removes many rnon-linsa s 
atmospheri effects and aporoximations used c 
Beaitances. The cost of inproving atmosp 
an increase in the noise equivalant temperat 


SYS ZemMm. 


ag 





The AVHRR/1 (NOAA-6) uses tw> bands for analysis and 
eenospheric corrections. The analysis bands are channels 
shoree and four. Each channel has a different response to 
water vapor in the atmosphere. The variation of response of 
the two channels makes th corrections more reliable. 
However, chennel thre> operates very near the five 
micrometer wavelength where solar energy is about equal to 
the emitted anergy of a 300-degre2a-Kelvin black body (s@a 
Surface). Therefore, Erapmel GearsS (15 a night channel. 
Channel four can be used day or night. 

tetmeco ec. ale (Ref. 42] discuss the use of 
lite infrared imagery <*o locate «he no n 
Doundary Of the Gulf Stream. They conclude that the x 
sea surface temperature gradient is a good approximation to 
me location of «he northern boundary. 

A problem with determining sea surface temperature 
gradients from space is the variability of ‘the atmosphere. 
Maul [Ref. 43} discusses the effects of the atmosphere on 
ocean surface thermal gradients. In a moist atmosphere, a 
thermal gradient can be crceduced to less than half of its 


actual value by the atmosphere. 


The latest instzument used for passive microwave 
observa~ions of ‘the earth is the Scanning Multi-frequency 
(channel) Microwave Radiometer (SMMR). This instrume 
operational on NIMBUS-7. Sea surface “+emperatures ars 
Calculated from brightness temperatures measured at 6.6 
Gigakertz (4.54 cm wavelength). Remecuis Srequency, —spa-2al 
resolution is generally considered to be 150 kn. Tes* 
Mesuiets Of =he NIMBUS-7 system indicated that resolution 
Gents for the 6.6 GHz channel were 157x156 km [Ref. 44}. 
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Lipes {Ref. 45] referred to the detrinental effects 


D 


Betasn and Slnglint (reflection of the sun off of the water 
surface) on «the SEASAT SMMR (a similar instrument is on 
NIMBUS<-7). Rain and sunglint caused *th> SMMR derived sea 
surface temperature +o be much higher than the actual sea 
surface temperature. Areas without sunglint or rain were 
mor accurately measured by the SEASAT SMMR. 

Snesaddtr2oOns2o problems Wirth cain and sunglin=, the 
SMMR is also susceptibise to radio frequency interference 
(RFT), and severa2 sidelobe contamination within 600 km of 
lana [Ref. 46]. Improvements in the instrument design and 
in the ground-based processing design would reduce “the side- 


lobe contamination problem for the SMMR (Ref. 47]. 


Satellite altimetry presents an active approach to 
lecating water mass boundaries and other density related 
anomalies in the oceans. The satellite measures height 
above the surface of the 2arth. These data, combined with 
the orbital parameters of the spacecraft, form the basis for 
measuring the PeeGhees ot. . che Sea surface along. “= 
Sub-satellite track. The radar altineter maps = 
~opography of the ocean along the satellite ground trac 
Serece the instrument is fixed at nadiz> and does not sc 
acress track. The ocean topography is the differen 


between the sea surface and the qeoid. tface gecs*trophi 


Oo WM 


I-{ 

eu 

ct 

WD : 
fu QQ) 


u 
currents can be derived from the ocean topography qene 
by a racar altimetea 


om 
Al*zmerer height 


measurement uncertainities exis 
Ome tO atmospheric propagation and ionospheric effects, 
local deviazions of the scean surface topography from the 
Meeed, and inaccuracies in the satellite orbit. Density 


Mera. ents asscciated with geostrophic currents account for a 


Ema part of the topegraphic variations [Re 


rh 
e 
f= 
(ee) 
boned 
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mire, SHAGAMealtinetsr, Saccurate to 10 céntime+Srs in 
absolute altitude measurenent, was an excellent instrument 
Gem measuring the location of surface geostrophic currents. 
The GEOS-3 altimeter, accurate to 50 centimeters in absoluts 
altitude, was capable of Locating the slope associated with 
the Gulf Stream by using an averaging process (Ref. 49]. 

The altimeter is a promising instrument for the 
future. Tt is capable of deétecting western boundary 
currents such as the Kureshio, but the error of the height 
measurement is still larger than the signal g#tnerat2d by a 
weak current. A western boundary current will ca 
surface to rise one meter over 109 kilometers 
meter accuracy of height m2asurement is required 
Peer a Slope of the sea surface accurately. When the s 
of «he sea surface is an order of magnitude 


im/100km, more accurate height measurements are re 


Mueorden DLTNSTRUMENTS FOR OBSERVING THE OCEANS 


This chapter has bean directed toward those instruments 
Mech May be of importance te the problem of predicting <he 
mixed layer depth from sea surface temnverature. The problem 
is much more complex than cause and szffect between sea 
surface temperature and mixed layer i ig This report is 

@metang ~he scope of the investiga tO ascertaining 2 
relationship between sea surface +2mperacture, thermocline 
gradient, and mixed layer denoth, if indeed one exists 

The problem can be éxpanded +95 include tne <e4ffe 


G 
wind mixing and heat budget. The space technology need 


ed *o 
provide observations of wind speed, wave height, and temper- 
ature has been demonstrated on SEASAT. The SMMR cén provide 
information on the wind speed, in addition to sea surface 
tem peratures. Besides surface topography, the altimeter on 
BeeoAT cculd provide infcrnation on significant wave height. 
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Bagat2onel instruments on SEASAT provided Bice VeLloci cy 
(Scatterometer), and surface wave jirection and wavelength 
(SAR). The Scatterometer (SCAT) and the Synthetic Aperature 
Radar (SAR) are active microwave imagers and not subject to 


Many of the probiems encountered by passive systems. 
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meee OBJECTIVE 


The objective cf this investigation was to dezermine if 
a relationship between se2 surface temperature, mixed layer 
depth, and thermocline gradient cculd be established. BY 
reviewing the climatology of the area, and including <he sea 
surface temperature patterns and sub-surface structure, an 
empirical approach to forecasting zhe extent of the mixed 
layer from surface cbservations and limited bathy*hermo- 
graphs was to be developed. 

Leqeckis and Gordon fRef. 50) found =nat 
satelli+e-derived sea sur face t+emperature r[enes 
corresponded to deep-reaching subsuztace temperature 
structure. They also concluded that the cbserved mixed 
layer depth correlated with the surface temperature pa=terns 
observed for the Brazil Current and two warm core eddiss. 

EeacKStOne and Whricner fReft. 57] studied the persis- 
sence of observed ssa surface tamperature patterns to a 

+ 


Air-dropped Expendable 


iS 

Moen of 1000 feet off the coast 2f southern California. 
Bathyzhermogzraphs (AXBT) 
n 


employed *o examine regions which jiispvlayed a strong sea 
surface temperature gradient in Defense Meteorclodical 
Satellize imagery. The AX BT's provided observations of the 
vertical semperature Se Lcuccure associated ae eal “he 
observable sea surface temperature p2**erns. From analysis 
of temperature patterns at various dépths, wWhritner ard 
Blackstcne observed that the temperature gradient associazed 
with sea surface temperature patterns was still recognizable 


a=. 1000 feet. 


Qu 





Leiztao et al. [Ref. 52] fcund that the maximum sea 
surface temperature gradien*+ (as observed from spaces) was 
useful for approximating the northern surface boundary of 


the Guif Stream. 


Bee, DATA ACQUISITION 


In November and December of 1980, the Naval Postgraduate 
School conducted the Acoustic Stcrn Transfer and Response 
Experiment (discussed in chapter 1). AS part of this exper- 
-ment, Air-Dropped Expendable Bathythermographs (AXBT) were 
placed along the same track on six days. There were threes 
flights in November, SOversng the center track. 21069) 
December, another three flights were conducted. The center 
track was again covered *hree times, DUEeon the last *wo 
flights, tracks offset from the center alse were flown. The 
offset tracks necessitated a reducticn in the number of 
stations which could be taken alcng 2ither «he center track 
or the offset track [ Ref. 53]. 

Satellite observations of sea surface *enpera*ure were 
collected from infrared imaging by *he Advanced Very High 
Resolution Radiometer (AVHRR) on beard «he NOAA-5 
Spacecraft. AXBT's were oplaced 3long a 1000-km track (at 
55-km intervals). The data from «the AXBT's were digitized 
in five-meter increments of depth (s2¢ Figures 4.1 a 
Meee he printed output was used =o construct the verti 
Seess-sections of «emperature used in this thesis. 

Poe eddgt+io0n =O tempe=atucs soundings collected from ¢ 
AXBT's, soundings were made from a research vessel 
Operating area using a Neil Brown conductivity «emperature 
Meech (CTD) microprofiler (Ref. 56]. 
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Figure 4.3 
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Gee DATA ANALYSIS 


1. Data Plots 


As a means of beginning an analysis of the possible 
relationship between sea surface temperaturs patterns and 
corresponding patterns of mixed laysr ceoth, vertical 
cross-sections of temperature for each flight ‘track in 
ASTREX were constructed. De additicn to these transects, 
sea surface temperature was plotted by position along ~h2 
flight track as well as nixed layer depth. Rcor relation 
was noted visually between track position and both sea 
surface temperature and mixed layer jiépth. 

The measurements taken with the CTD were in the 
northwest ccrner of the ASTREX region. A Fleet Numerical 
WeeanoOgraphy Center salinity proflls for the track (Figure 
3 ) shows very little variation of salinity profiles 
between stations 2 and 13. Since the @vatiapility of 
Salinity in the Northeast Pacific is low, the soundings 
which were «taken with the CTD were assumed to be reasonably 


representative of the area. 
pee Statistical Procedure 


Sea surface temperatures and mixed layer depths were 


feeeen <6rom Kilonski's (Ref. 57] digitized depths of the 


isotherms. The mixed layer depth at a location as reported 
by Kileonski sometineS shewed a variation of one meter 


between the two data formats (digitized temperatures art 
five-mezer increments VS. dag 2 Zeid depths of the 
isotherms). 


To examine variations with position along the track, 


the outermost station on each flight was assigned as =ha 
Smegin. All other stations were listed by (nautical mile) 
distance from the origin. For exampl=, station nine was the 
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outermost station on 19 November. It was assigned the 
mmegin DOSi-10n (0.0) for that flight track. The adjacent 
station (seventeen) Ss ehgesy fawiueead niles Enom station 


mem=. Therefore, its position is listed as thirty (30). 


oO 


Tn addition to position, sa surface temperature, 
and mixed layer depth, the ee. at the thermocline was 
considered a necessary facter to include in the list of 
variables. Four depth intervals wera selected for cemputing 
gradients in the thermocline. The variations of gradients 
with tzrack position are plotted in Appendix A (November 
tracks) and Appendix B (December tracks). 


From the vVertcical cross-sections, @n initially small 


interval was considered necessary fO= COND WE ng the 
@e2dien*. The smallest interval available from Kilonski's 
data was five meters. Since the mixad layer depths did not 


fall on multiples of five merers, the first level above the 
reported mixed layer depth was used 3s a reference lev2l for 
computing temperature changes at tha top of the thermocline. 
Fer Example, it the mixed layer depth was 67 meters, the 
temperature at 65 meters depth was used as =h2 temperature 
@eecne top orf the thermocline. To smooth gradient varia- 
tions caused by this method of defining «he temperature at 
men top of the thermociins, qradients were also ccmpuzed 
Mec Intervals of fifteen, fifty, 2and one-hundred meters. 
The computed temperature changes are listad in 
YVerlous tabies associated with each fligh« *rack. The 
normalized values of gradient computed from zach interval 
are listed in Appendix C. 

The data analysis was done using the interactive 
Seen Stsacal computing system MINITAB [Ref. 58]. Basic 


statistics (means and standard deviations), correlazion, an 


Qu 


linear regression analysis were performed for each fliqnht 
aa CK « DELTAS “COrrelsativon of 


fu 


Ctcmeresilced © = he 


es 


50 





Momiputes=20n of the correlation ccefiicient (rr) as discussed 
mami ller and Freund [Ret. 59]. 

Three models of mixed layer deozh were developed for 
fen flight track. These models were simply the least 
squares tegressicn cf mixed layer depth as a function of sea 
surface temperature, position, and grad 
elaine. If the correlation between s S 
and mixed layer depth was weak, chen the mo 
layer depth as a function of sea surface <~s 
EoyoOred. 

Regressicn analysis in MINITAB yields a curve anda 
Sef icient of determination as a measure cof the goodness of 
mame cuLrve-fit (the coefficient of dacternmi nO) Merk @ ale 
Squere cf the cerrelation coefficient). To avoid confusion, 
Bach of the measures of correlation between varlous combina- 

ions of parameters will b2 identified whenever used. 


See OBSERVATIONS BY FLIGAT 


1. Fiight Tzack On3 
Thee, Ver<elcai =SMPSTeture cross-Section for Elegant 
eeX one is showr an Figure 4.4. Ten stations wese used 
MemeecOPStruce <his profile. Isotherms tended to be deeper 
Meacc> che coast than out at sea. 


a 
A warm water pocket exists bétweern stations four and 
eae, thas warm pocket persisted thr 


5 
M@eeene Scundings between hese Stations. 


Figure 4.5 shows both the s2a@ surface temperatures 
ama Mixed layer depth along che flight track. A possible 
correlation between sea surface “smpsrature and mixed layer 


m 
Memem aieng the £ligh* «rack is suggested by the variations 
ck 0 


Mmmeooth With pos#tion aisng the tra 
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Figure 4.5 


Mixed Layer Depth and Sea Surface Tamperature 
(15 November). 
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For flight one, 2 strong negative correlation ( 
-0.818) exists for the gradient computed From the upper five 
meters of the thermocline. This suggests that the initia 
gradient at the thermocline weakens in the transition region 
(coastal waters). The weakening of this initial gradient 
could aiso be due to the presence of a warm meander cr eddy 
as suggested by the vertical temperatures cross-section. 
Table IV lists, by station: 
1. pcsition relative t9 the most-seaward buoy; 
2. mixed layer depth; 
3. sea surface temperatures; 
4. temperature change in the upper five meters of the 
thermocline (dT/5); 
5. temperature change in tne upper 15 meters 
thermocline (dT/15); 
6. temperature change in the upper 50 meters of the 
+hermocline (dT/50); and 
7. temperature change in the upper 100 nesters of «he 
shermociine (dT/100). 


Tabie IV is the matrix which was manioulated =o examine 


O 
Ih 
yt 
oo 
w 


correlations between various elements in the problem, and 
was a source of values in regression analysis for model 
equations. 

Attempts to fit several equations for mixed layer 
depth were made using various measurable quantities. The 
results are listed in Appendix D. fa pew aleses “hs model 
variables used and provides the compu~ed coetificien= of 
determination for each nodel. Gia lost, Staeka ng rela i on= 
memo occurred for a fit of mixed layer depth as a function 
of =rack position, sea surface *emperature, and gradient 
from 100 net?2rs. MimemGcecetsecisht Of determinaticn for the 
£it was 0.88. The correlation (r) between MLD 


2 
mem O: the three variables was 0.94. PO 
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TABLE IV 


MLD, SST and Gradients az the Thermocline, 15 November 1980. 
Buoy Position MLD SST dT/5m dT/15mn adaT/50m adTvi100m 
2 540 B2 VSineilees 1 <..15 2256 cee.) 4.65 
3 480 59 iseco tet) PP one, 4.62 Se 
4 420 DOE. 0 Cmeailen |S 3.14 Sige is, Gis 
5 360 om thou sele oo 2 Mie 4.01 3. 06 
6 300 62 14.32 1.790 3.64 Sere 6.49 
7 240 Pl Seal, S22 35050 4.22 Dn oi 
8 189 Gy “ela.2/ (toe S05 44g 10 © 
9 120 St 2.02 2aehd 3.04 4.01 3530 
10 60 Def 22a | Zoe 5206 4.74 Sro 
11 0 SPE a5 OE 4 SKS) Peeters 4.09 u.79 

Notes: ; ; ; 

7 Bucy column indicates station number in vertical 
temperature cross-ssctions. ; 

Pee 2 OSition column lists the Tange (in nautical miles) 
Erom the most seaward buoy. 

3. dT/5m is the temperature change sver the fi five 


meter interval in the th 
temperatura change over 7 
interval in the thermocline; 
foliow in the same manner. 


sy: U=p Pome | 


Models of MLD for 15 November. 


Model Variables GG cr 227 en= GE Da [cam netion 


Sash Oa 

Sor, Position 0.818 

Soe, Position 

Gradien= (100f 0.880 

NOtes: | 

fees Sl 1S sea suriace temperature. | 

Mees. LO CLererS £0 station position 
relative to the mest sa@award station. 

Peeeearad-:=rt (100) refers to the gradient 


computed from the upper 100 méters of 
Sve) thermocline. 
4. The 


ere 


Sveum cient Of determination will ¢ 
MoOmeawOCECe@en Lit Of the curve +o d 


in 
Ui 





temperature are easily measured by satellites. Gradient *hen 


Becomes the primary factor of uncertainity. 
2. Flight 


The vertical temperature cross-section SOu 1) 
November is shown in Figure 4.6. Twenty-three stations were 
Mmeece tO construct this transect. Ihe prefile is interesting 
for three reasons: 

Meee Tess flight has nd observational "holes" along the 
ree Kis 

2. Satellite imagery from NOAA-6 is available for a 
POro tone Of =he track; 

oe rhe Vertical remperature Structure of a 
Satellite-observed sea-surface-temperature anomaly can 


he studied. 


At the top of the thermoclin2, the gradient appears 
strong between stations 13 and 16 (isotherms are densely 
packed). Beginning at station nine, the isotherms begin to 
diverge. This indicates a weakening of the ar2dient in ths 
Meper five to fifteen meters of the «thermocline. AS with 
magh= one, Siew Nace) Gdfadisnt (fre five neters) ac 


inversely correlated fen (OOS1 22 On 
Mepetal strength of <=he gradient at the to 


Cline decreases “owards tha coast. 


feemwnoce-10n Cf the divergences of the isotherms as 
ome tOp of «he thermocline (station 9) corresponds to <he 


Meeeat2On of the change from the Canztral Subarctic Domain to 


the Transitional Domain as presented by Dodimead e¢* al. 


Pgwee a.) 25 a plot of sea Sutrace *esmperature and 
mixed-layer-depth variation with position. From station 
nine to station twenty-one, the sea surface temperature 
increases almost linearly with ovositicn, while mixed layer 
depth fluctuates around sixty meters. SetellitS imagery 





Station Number 


N 
~_ 


Figure 4.6 
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identified a warm meander between station four and station 
twenty-two (Figures 4.8 and 4.9). This shows up as 2 repid 
increase in sea surface temperature over a (longer) dis*ance 
meom Station four to station threes. The sea surface 
temperature reaches amaximum in the vicinity of station 


three, and then falis rapidly across the southeast wall of 


+he meander. The mixed layer depth also reaches &@ maximum 
meee station three, and then falls rapidly across the 
southeast wall. This correlation between sea surfacs 


temperature patterns and vertical structure in the vicinity 
of frontal positions was 2lso noted by Legeckis and Gordon 
Meee. 33), cited eariler. 

Examinations of this track based on domains and 


satellite imagery requires that the track bs split into 


three separate sections. Ric ee estseculen, 2h the Central 
Subarctic Domain, includes stations iene oe] oe souanh 
sixteen. The Transitional Domain is then split using <=he 


Satellite imagery. One section extends from station nine to 
station twenty-one. The warm meander then constit 
Pamal Section and includes stations four to twenty 

Table VI provides pesition, mixed layer depth, sea 
surface temperature, and gradients in the <thermoc 
Pwerr sta~20On occupied for flight track <wo. AS Ww 
one, Bios table  GonSci=utes the mneatrix used to 
relationships between various elements which may lead <t0 3 
Sea ction of mixed layer depth. 

Correlations of s2a surface *emperature and nixed 
lay2t depth aiong the entire track yield low values for che 
Meee lia- On coOefficiert (cr). For *he entire track, there is 
little correlation between sea surface temperature and mixed 
Mayer agepth (r = 0.17). Mixed layer depth as a function of 
Bes2tion, sea surface temperature, and gradient from the 100 


u 
meter tharmocline is better (r = 0.84). However, along 
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TABLE VI 


MLD, SST and Gradients at the Thermocline, 17 November 1980. 


Buoy Post tion MLD Sst diyvoam cail7ion aT/50m et710 Om 
6 a3 3.97 
5 4 Giz 53 
=) 
u 
3 
3 
2 
2 
1 


LO OVI U101 0 OO SW NONAW JO WNW F OW 
WFO &UIW DW DON ANADWWOWWO DUIIW JNU 


DOD IDD DDD aed ed eek ed ek eed et ed ed et LOO OD © ON ES Gt) 
FWN2O10 DO WD & Wh 2 © 

DOOD OO OOOCOOOOOBOOOOOOOoO0 
DLOIDHDUIINIOI 71 & NAAN HN SJ UII ON 
FOWD SOW WDONOKHnOWOOLOL a £~ WOM 
eee cee ce ee eh ce ed ed ed ed od eed ed eed 3 oe ed ed od oe) = 2. 
WUOTAE & WIN 2 OOO Ber pPONWW FE EUW 
@eeeeeeee#8#8%¢¢6¢8 e806 @ 080 e686 e6 6 
(NUTRI OTE CW ONO ~J~J 2 MOO a DOW F& ODMO~]) 
HWS aWNO UW aN We WUIE ~RN~10 WOO? 
cee Co) med ed med (med ed (KA) med (A) et (AD ed eed {XD etd os ed ot Ld ed 
@eeeeéeeese se ¢# #¢ @ @ 6@ © @ 6 @ © @ @ @ 6 @ 
MW 00 Os D&S DON YE DNDN eae NANANHNES US 
C0 WOW OVOVW 100 0D os SITIO WW UI & 2 CO eal 
= fh) GIO LY BO NOG CUA LWP GU Cd) fh GY) GU PhO CG) Gu DOPOD 
FEUNEFUNEWEEWWWEER EE EEN 
DOD ~YTON DOWD FHNWO~DVJWNnAWOWO~E 
MONE FON~YVON WOOD WANE WO V1 ~IO 
NNANAAAANS NINES SENN & UII OVO?D 
eeeeeet#eeeee®#ee*eee¢e¢e#8&e¢ 6 
WIL ~JODI NO OWN ONDIN = UIWW ~JW 1 © 
(MOO m2 ENS SNWONNOOW a & 


NONOFONNOL DONA Wi OUI ~JUWIWO U1 wu 


NON & & UW) 3 


shorter track segments, and particularly across the meandér, 


2 
mixed layer depth and s3a surface +t¢mperaéture show mora 
t i 


Meese lation than for the 2antire 


the correlation coefficient for mixed layer depzh vs. sa 


surface temperature is 90.86. Mitciewas not the case in 
Smener ~he Central Subarcstic Demain (r = 0.40) or in tha 
Mmmet pert cL the TranSitional Domain (rt = -0.53). 


The mixed layer depth and sea surface temperatures 
did not correlate to any siginificant degrees on 17 November. 
Therefore, only two models are proposed for this flight 
Paack. As stated previously, Deoawind che strack  2hto 
segments yields a much higher correlaticn between otherwise 
uncorrelated parameters. Table VII presents the models for 


@eeren=ire =rack only. 
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PACE Eb ¥ iL 


Models of MLD for 17 November. 


Model Variables Coefficient of Determination 

Som, Position O26 15 

Sor, Position, 

Gradien« (15) O20 27 

Por, Position 

Gradien= (100f 0.707 

Note: 

1. Two gradient models were? computed 
Mecawee ~he Gradient =roh 15 Ne srs 
appeared *o be more highly corr2.3ted 
fon —=Pack pOsme2on than che gradient 
conpuzed from the upper 100 meters of 


the «hermocline. 


The higher correlation between sea surface tempera- 
ture and mixed layer depth in the warm meander may provide a 
means of estimating the depth of che mixed layer in such 
anomalies through observations of sea surface temperature. 

Dieemag the @smterval between Elight one and flight 
two, one storm kad traversed the area anc another had begun 
SO appreach the most western es7=ations on the <ra 
Slight deevening OE: the 10-degr2¢ through 11-degree 
Seeenerms occurred. The average mixed laver depth changed 
from 53.7 meters on 15 November to 57.0 meters on 17 


November. 


S- Fizgnt Track Three 
Fagure 4.10 gsit#he vertical cross-section associated 
Men Clight track three. Fourtesn stations were used to 
@mesctcruct «his transect. Alchough there are some holies ina 
me da-a along the track, this profile presents 2 picture 


pemelar +O flight track two. 





ay 


The gradient at the top of the thermocline diverges 
Vv 


beginning a+ station nine, just as in the previcus sections. 
Moa2n, the qradient compuzed from the first five meters of 
the thermocline was inversely correlated with position (t = 
a. 766) . The meander discussed for flight «wo still can be 
located in this profile between stations four end two. 


The sea surface temperature end mixed layet depth 


Meesaticns with position are plotted in Figure 4.11. Table 
VIII lists *he values for mixed layer depth, sea surface 
temperature, and gradients alenc the flight track. Between 


station nine and station six (Transitional Domain) both sea 
surface temperature and mixed layer depth vary almost 
linearly. Over the antizre track length, however, the 
correlation between the two is negligible (zr = 0.10). From 
station twenty-one to stetion one (across the meander) the 
correlation between mixed laver drprth ard s»a surface 
temperature is much better (r = 0.51). 


Deeecemt weved into che Elight track area on 17 


November, and became stationary over the aréa on 18 
November. Premccd=Gilday srron= CabsSedq pcor conditions for 
Satellite observations due to clcuds. Small changes in sea 


surface temperature pazterns could be expected from «the 
Meont, but =he basic structure temained unchanged from 17 
November. The average mixed layer depth for 19 November 
remained at 57.0 meters. ThempOst=40r and Ss = -ucture-/of ) Shs 
meander along ‘the track remained unchanged *xcept fo 
deveiopment of a peak tamperaturs exceeding 16 degrees 
Celsius at station three. 

Tabie IX summarizes the models examined for flight 
meack three. hie eG means LON CcO-t+IGlen= scomputed £0r sea 
surface <emperature versus mixed layer depth was extremely 
Mowe (Cc = QO.901). Thetetsnre, Behe model squation for mixed 


layer depth as a function of sea surface temperature was 
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Tabi ¥ Lit 


MLD, SST and Gradients at the Thermocline, 19 November 1980. 


maoy Position MLD SST qdT/S5m aT/1Sm dT/50m dT/s100m 
1 43 Q SO Ses | Wenlie Per 34.90 4.65 
Si 2510 67 16.04 1.41 Boies, 4.62 SoZ 
4 300 a8) 4.8!) 12°93 Creme 56. 3h5 See 
5 240 B97 14543 861,56 2555 4.01 06 
6 18 0 Die toes) le O 5264 Dies 7 6.u9 
7 120 Sys" Mes. | es 5 Bis Sic 4a22 See 
8 60 Sle Voe00 levod 3633 4.ug D100 
9 0 Som i4.96 “Z.u6 3.94 4.01 36 29) 
17 30 GUN lige. (2.67 Sieve 4.74 5.49 
18 90 Ota 2295) 199 2235 REO, 4.79 
20 z10 64 14.32 1.15 2250 Bad 4.65 
24 z710 54 14.35 1.41 2.609 4,62 Se 2 
22 Bye) 6 ieee o.80° 1.73 3.14 yrs pe: © 
23 8270 59 o.to |. 56 wails 4.01 6 ONS 
24 450 See te 37 3.64 Sa) 6.49 


omitted. Instead, a second gradient model was introduced as 
Meee flight track two. The gradient from 100 meters was 
continued as an element in a& séparate model because this 
gradient was either the most influential or second nos 
influential of all gradients used in model equations. 

The best fit of any model for mixed layer depth was 
the modél based only cn s¢a Suriace temperature and track 
Session. Both surface temperature and track position ars 
variables which can be darived from a satellite image of thea 


sea surface. 
4. Flight Track Four 


MheevcE@aeal CLOSss- seCe.on Of <smperature for ilight 
meeck four (Figure 4.12) was constructed from 21 stations. 
it is the most complete crans¢ect except for 17 No 
definite cooling has cccurred between 17 November and «his 1 
December track. Surface temperatures dropped by about ons 
degree Celsius (the average sea surface temperature dropped 


M@eom i3.1 degrees Celsius on 17 November to 12.0 daégrees 
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TABLE IX 


Models of MLD fer 19 November. 


Model Variables Coefficient cf Determination 
Sot, Position 02615 
Sst, Position 
Gradien+ (5) : 0.547 
wr, YPCsition, 
Gradien+ (1700) eo 17 
Note: 
1. Two gradient models were computed 
because tne gradient from 5 meters 
appeared to be more highly correlated 
Mich teack position Shan the gradient 
computed from the upper 100 meters of 
the thermocline. 
Celsius on 1 December). The gradient in the upper five to 
fifteen meters of the thermocline 1S not as strong as along 
the November flight tracks. Although stili negatively 


correlated Ry esack  POSition, the correlation between 
@eweaient and track position is much weaker for this track 
{cr = -0.16) ‘than for similar gradients computed from the 
upper five meters of the thermocline. i 

recognizable, Date Ets Verzical Dees tem 2 Much icss 
pronounced than during the November flights. 

The gradient computed from *he upver five meters of 
she thermocline showed the strongest ccrreiation with posi- 
[men rcor all gradients computed along flight track four. As 
noted previously, the correlation between the five meter 
gradient and pesition has steadily decreased s 
Meeet fligh«. However, the five meter gradient is the most 
fea y correlated of any gradient with position on each of 
eae cour flights. 

Mixed layer depth doesn't show much relaticnship to 


track positicn. Sea surface *empezature dees increase along 
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the track, but the change across the meander is not 43s 
Significan+ as in past flights. Figure 4.13 displays the 
variation with pesition for both mixed layer depth and sea 


surface temperature. 


TABLE X 


MLD, SST and Gradients at the Thermocline, 1 Decemoer 1980. 


buoy position MLD SST Gty7smat/iom dit/50m dT/190nm 
1 6990 Siedeeeso 8 1.15 286 Si shh, oles. 
4 510 61 14.46 1.41 2269 4.62 Seno 2 
5 450 oe 13.30 1.13 3.14 Se) S Dg Jae 
6 90 See 2) ts D6 Lis 6 4.01 5) els) 
7 She) 8 O21. ed 1.70 3.64 Sie2/ 6.49 
8 Za Viceeeiieae 1.94 3233 4.49 >= 06 
9 210 Oe lee 2.52 350 4.22 2 
10 eau Dee 10.72 1.94 m Pavelee: 4.49 Synge 
v1 90 Vem 10277. 2.52 Slo sie tae 2 Dio 2 
2 39 70 Sig ci 2 es 3.04 4.01 25 0 
3 0 74 Sa 2.00 2206 4.74 Si 
14 60 Ue Je54 1.99 Zo53 4.09 4.79 
1d 120 Oo eee | 1a lip Bo Be Elen!) 4.65 
17 240 70 11.42 1.41 GS, 4.62 Sie 3) 
18 300 Portier 0 1 13 aad Dae oO Sree 2 
19 36 0 Poe 1. 56 ZS 4.01 ae 
20 420 eNO) 1) SPST i 788 3.64 3) 5 All Gat 9 
2 430 Goo 4? 41. O90 PsP ets. 4.09 4.79 
1 Id 540 66 14.24 2.67 S106 4.74 5.49 
DS} 600 So SPG.27 2.48 3.04 4.01 5) 610) 
24 66 0 SOs 0 One 00 3.06 4.7uU 5.49 


Table X lists the factors which wera examined for 
meech~ cur. This fiitght was unusual in chaz large changes 
mem Previous fiights occurred in th2 correlations. 

Both s€a surface tamverature and mixed layer depth 
had higher correlations with track pesition than on previous 
memahts. The correlation of gradients with position 
declined in all four cases examined. Mixed layer depth was 
mors highly correlated with ¢sa surface temperature «har on 


M@eevious flights. 
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Vertical Teaperature Cross-section 
(1 December). 
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Pigure 4.13 Mized pevee Depth and Sea Surface Temperature 
(1 December). 
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Three models are presented for flight four and 
summarized in Table XI. Simece che COrsZelation of sea 


surface temperature and mixed layer depth was the highes* 


observed of all flights, it is included as a model. Mixed 
layer depth as a function of track position, sea surfaces 
remperature and thermocline agradient showed “he best 


correlation when the gradient computsd from 100 meters was 


used. 
rapes A 

Models of MLD for 1 Dacember. 
Model Variables COC clens Of D=te=nine tion 
Sol OL17 5 
or, Position 0.609 
SST Position 
Gradien~ (100f 0.663 
Notes: 


1. One gradient mnodél was computed 
because the gradient from 100 neters 
Bee cred *o be more highly correlated 

fies ack pesSat2cn than any other 
gradien-. 


—<» <> —_a_ = EP sae cae 


The fiftn Flight added another dimension to “he AXBT 
analysis. The southern track, offset by 60 nautical miles 
from *he center track, provided additional information ebout 
the extent of the warm meander discussed previously. Figure 
4.74, constructed from zleven stations, is the vertical 
Temperazure Cross-section for *#hs center track on 3 


December. migi@er hold, »ecOWmstruczesd tom cight sta=ions, 


a2 





shows the profile for the southern track. Taoe Kit lists 
+he values for mixed layer depth, sea surface temperature, 
mieegradtents along the center flight track. Table XIIT 
lists similar data for the southern track. 

The vertical temperature profiles for tne *wo tracks 
are Similar in some respects. The meander is definitely 
present cn the center track. The southern track displays 
some similar subsurface structure in the aréa where the 
meander should be located (between stations forty-one and 
forty-three). Although station forty-two should be insides 
+he warm meander, the surface temperature at the station is 
13.5 degrees Celsius, about one-half degree too low +o be a 
part of the meander. The closed warm pocket of water 1s not 
present in «he southern track (the center track has a closed 
pocket of 14 degre2 Celsius water). 

The meander/feddy influence appears to be present to 
about 290 meters in both tracks. The southern track does 
not have the pronounced structure shown along the center 
track. Al*hough some signs of the meander remain in the 
southern track, the meander appears to have forned a closed 
Secu lation. 

ALZOng “the GCENnte: flique TEaets séa surface 
temperature and mixed la CyeaGiaew Teo) “are “Rot 
highly correlated (rz = 0 the eddy, however, «he 
Serselation coefficient surface te¢emoerature versus 
mixed layer depth incraases to 0.88. The southern track 
(Figure 4.17) also shows an excallen+ ccerrelation berween 
sea surface temperature and mixed il2yer depth ( rr = 0.84). 
The corrisation between these two variables is less (r= 
Woo, across the track seqment which coincides with «he 
eddy. It appears that the meander has formed into an eddy 


Mepch dces not extend to the southern «rack. 
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Figure 4.14 
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Vertical Temperature Cross-section 
(3 Dec, Center). 
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Figure 4.15 
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MooTmcte chs SOUthoowmee@ack iS in the Transiticnal 


Domain. The Central Subarctic Domain has influence up to 
Sration thirty-five, asvorewnten ee treck is urder the 


influence of the Transitional Domain. Changes 2pppear to be 
mamea= along the track within the Transitional Domain. 

Winds increased from 11 meters/sec (24 kts) to 14-16 
meters/sec (30-35 kts) 2n 1 December. These wind speeds 
were sustained through 2 December ard *hrouqh most of 3 
December { Ref. 61]. These cold northwssteriv winds lowered 
the sea surface temperatur2 along the track, but causec no 
Major changés *o the vertical Temperature Cross-section. 

The average mixed layer depth for the cen*sr track 
was 66.4 meters on 3 December. The southern track averaged 
64.6 me*ers. There was a decreas2=? in the average mixed 
layer depth along the track since the previous flight on 1 
December. In comparing the two days, a larg2 decrease in 
mixed layer occurred at station five (21 meter changes). At 
first glance this appears to be an instrument error. 
However, the mixed layer depth profile for fiight track one 
Memaire 4.5) is very similar to the prefile for tlaight +t zack 
Lave . On both days station five h2d a shallow mixed layer 
which deepened considerably across the eddy. 

When overlaid, the mixed iaver depth profiles and 
the sea surface temperature profiles for tracks one and five 
are remarkably similar. Thesmuced leyes d2pch for ftligh= 
Mee JS deeper than tor flight one, but 
position are very similar. Bectween stations te 
he sea surface temperature is highly correlated (cr = 0.98) 
ween pcsition, and the mixed layer dep*h shows some 
Seecelation (r = 0.54). 

Four model equations were used for each track on 
medi. five. The models are summarized in Table XIV for the 

e 


Pee ackK,and 2h Table XY for the southern track. On 
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MLD, 


Bucy Position MLD SST aqdt/S5m dT/15m 
poe!) 690 U5 12.47 9.04 Veco 
570 20° FUSGe ) 12105 We, ole) 
4 Sao 62 Miao 135 De 3 
5 450 2 «seo “Tae Cal d 
6 A)0, TZ Noes. Tez 2.44 
7 330 69° 14.707 O59) Zo 
8 270 as tied? 1453 2.66 
9 210 77 30599 (150 2626 
10 150 3) 91) (0) 5 (0) Pa 3 oat) 
12 30 66 Saco, Oso 1. 43 
13 0 82 Cewon 1.02 a ous! 
PA SLE ALie 
Mio, SST and Gradients at the Thermocline, 
(South 
Bucy Position MLD SST dT/S5m dT/15m 
34 0 80 Oh aie.2S 2 
35 60 86 Ses lee VO 
33 240 70> Aad ~ 1269 1.88 
29 300 64 12.04 £1.00 Ze 
44 420 CS ee 5 7 ee SP 270 0 
42 480 eee a oO: | Vere 9 6h [ey 
4 3 540 b6>- 13.89 1.62 he Sis 
uy 600 St is.o5 91.07 2 0 
mee, SOUTh *+track, =e ra Gdsen. cOmDu od 
BPeeauced the worst fit of any model of 
function of sea surface temperature, 
thermocline gradient. The 


the 
the 


100 meters 


souther 


mest fit 


Nn 


is 


Je) 05) gees ee 


for the 
track model 


He lLuced. 


Cen ter 


using 


SST and Gradients at the Thermocline, 


+n oe 


3 December 1980. 


aTty50m dtT/100m 
85 SNe! 4.48 
4.67 Se 1 
4.87 5.46 
35 3S 4.517 
4.20 ee 0 
Seo 4.74 
BIS a 4. 36 
gee 3.37 
3200 So 2 
2.24 243 
220 2.49 


3 December 1980 


dT/50m dat/100m 
3.23 Seen, 

2240 2 ioe 

3.08 3655 

BS! oot 

S213 4.89 

220 4.76 

4.20 Sie 

u“.dog Stee 

from 100 meters 
mixed layer asa 


ack position and 


gradient from 100 meters produced 


== ack oat i. 


vs 


the gradient 


For comparison, 


computed fron 
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TABLE AILV 


MLD fort 3 December, 


TABLE XV 


South Track. 


Geiiett2s1entwet DeEtmzrmination 


Bol 0.703 
Bee, Position 0.716 
moo, POS2zion, 
Gradien- (50) 0.861 
wou, Position 
Gradien= (100f 0.716 
6. Flight Track Six (Center and Nersh) 

Pernemoexe © XaMined born che center tsack (Figure 
mmo) ard a parallel track 60 nautical miles to the nort 
(Figure 4, 19) with eleven stations eéach. The values of 
mixed layer dé¢pth, sea surface temperature, and gradient 
associated with each station are given in Table XVI for the 
Megeeer track, and Table XVII fer the northern track. Th 
Memmerature structure along the canter track ressmble 
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previous 


mercer statio 


five meters 
position (r 
The 


along the 


aa 


center track and 


eon. tracks. The isotherms begin to diverge 
The 
of the thermocline is negatively correl 
=U) 6 BIO 


eddy 


Denne. gradient computed from the upper 


both 


northern 


have diminished aie 


The 


seems to length 


Tie ceipt he. CEaek 


the eddy. 


Surface temperaturs 


does not appear to traverse 


mixed layer depth 
4.20) 


the center 


The sea 
Mereaticn with position along the center track 
show the 


(Figure 


besewcorrelacion in any flight alon 


track. Both sea surface temperatur2> and mixed layer depth 
varied linearly with position up tS station three. Sea 
surface temperature correlation with position along «the 
entire track was better (r = 0.92) than along the shorter 
track across the eddy (r = -0.80), cr along any previous 
Memecer fitght track. Mixed layer depth was more highly 
correlated with position across the eddy (r = -0.95) than 
along the entire track (r = -0.83). 

Across the eddy on «he center track, sea surface 
temperature and Mixed layer depth again are highly 
Beerelated (=x = 0.90). Omes See nenenei=e track length, ths 
relationship between sea surface temperature and mixed layer 
depth is not as strong (r = -0.55). Cm earl igh-s,-- Sais 
wes the best overall correlation of sea surface temperature 
meee mixed layer depth for the center track. 

The Nosener hi track (Figures Gea) Shows a 
selatiorship similar to that along the center track between 
sea surface température and mixed laver depth. The eddy is 
not apparent in the sea surface temperature profils, but 
does present a familiar profile of mixed layer depth. 
MeeOss ~he 2ddy position on <the north track, mixed layer 
depth is highly correlated with position (r = -0.97). Teas 
Some, celationship holds true for the center ‘track (r = 
ae 95). 
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Mixed Layer Depth and Sea Surface Temperature 
(5 Dec, Center). 
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Mixed Layer Depth and Sea Surface Temperature 
(5 Dec, North). 
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A subsurface feature developed over the course of 


the experiment, and became very obvious in the northern 
track on 5 December. At station 58, the isctherms reach 2 
Maximum depth. A corresponding excursion ‘tc depth fcr «he 


Same isotherms (6 and 7 degree Ceisius) cccurs along *he 
center track at station nine. In Looking back through the 
previous flight cross-sections, this same excursion is found 
meeagccur on flights four and five. 

Lundell [{Ref. 62] reported a submerged sound channel 
Mamene Vicinity of station nine. Hive se Kien s ks dade <i 26d 
bathy+hermographs indicated a slight inversion in this area 
(ot the order 0.3 degrees Celsius). Dias Uuusial Sealer ure 
occurs at the boundary between two Domains: the Central 
SubaLctic and Transitional. Along the center track, the 
Maximum depth excursion of «he six and seven degree 
isotherms shifted to the west betwean flight two and flight 
Six. 

This submerged fsature is not driven by surface 
conditions as it occurs well below both thermocline and 
halocline. This appears to be some type of shift in lower 
domain boundaries. A time series over one or twe months, 
between stations seven and «en, might have provided some 
Miscaght into the lower laysr variability at this domain 
boundary. 

AS with the southern track on fiight five, he 
Meeeherr track data on flight six showed the wors 
model using the gradien= computed Frem 100 meters. The 
Gradien= from fifty meters produced the best fit o 
eeerck. The gradient from five meters voroduced th 
Se cune center track. The model parameters and coe 
a d 


of determination are presented in Tables XVITI an 
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TRB bea Lit 


Mod=ls of MLD for 5 December, Canter Track. 


Model Variables Coefficient of Determinaticn 
SST 0.298 
eam, Position 0.962 
Bot, Position 
Gradient (5) / O.977 
Sone, Position, 
Gradient (100) Ors Shier S 
Rabie ix 


Models of MLD for 5 December, North Track. 


Model Variables Coefficient of Determination 

Sor 0.370 

SST, Position 0.846 

mae, POSit+ion, 

Gradient (50) Ges72 

ara el ~4 47005 0.854 

by five degree squares. In the tést region, th2 méan 
Salinity curves are nearly constant. Bears ©6222) a1. 


{[Ref. 64] used this methced +o estimate iynamic heignts in 
mmerewestern North Pacific with good success It was decided 
Pememploy both a single recent salinity eels in the are2 
(from acT) cast), and a Flee* Numerical Oceanographic 
Center salinity climatology for November, as a basis for 
@emeculating and comparing dynamic heights for flight track 


two (17 November). 
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TABLE XX 


Dynamic Heights Relative to 350 meters (17 Nov). 


ee = 
= 


BOUY POSITION CONS T'S oNOG = 

3 0. 0.618 0.629 

12 BOE 0.643 0.630 

14 60. 0.638 0.644 

11 90. 0.654 0.658 

15 AAO 0.654 U. 652 

10 150. 02020 O65 7 

16 10's 0.665 0.663 

9 Zoe OS ss 0.690 

V7 240. G2 7.05 07698 

8 20. Oiial3 Oa losis 

18 eleler Oe 77 Ces 0 

7 B2)0)- QO.714 Date 

19 Bis) 0) 0.742 027699 

6 390. 0.741 0.761 

20 42Q. Q.7 43 Old asye: 

5 ahs.) OTS. Cr yo8 

21 48Q. 0.766 O.774 

uy Dis Oe VY 0.779 

22 540. 0.763 Ona 

3} 570. Ose7| Oa.o2 | 

23 600. Cee 0.816 

2 S10. Ores O27 35 

24 660. 0.7048 05697 
noc es ¢ | 
eee neights in dynamic meters. |. 
meee cOns-=-S refers to single salinity 2, teem NS eS alo fis al rent pe — 
3. FNOC-S refers to Novenber Salinity climatology from ah 

Fleet Numerical Oceanographic Center. 


Mons -deration “hen was given £2 plotting the dynamic 
memogtaphy along the track. Since only one salinity prefile 
meee used +95 calculate tha dynamis heigh= at all staticns, 
ene Lesulting variations tn dynamic heights along th2 track 
Wer= due to <emperature variations only. The reference 
level was s2lected as 35) metars because this depth reprs- 
Senzted the useful limit of *emperature data available from 
fre digitized report. 

Mood Neans OF Comparing dynamic height variation with 
position and other factcrs of interast such as temp 
gGradienzt at the thermocline or mixed layer depth, the Flzet 


Numerical Oceanographic Center climatology for the flight 
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track was used in calculations of dynamic heights. The 
results are shown in FPigur2 4.22 and Table XX. 

The variation of dynamic height along the track was low 
(9.19 meters/kilometer). Across the eddy the height change 
was 0.1 meters per 150 kilometers. This height signal would 
BencOo Ssmali for the SEASAT altimeter to detect accurately. 


However, future generations of satellite altimeters should 


be able to detect the magnizude of the signal from “his 
eddy. 

The *emperature gradient in the thermocline can be an 
important factor ina model of mixed layer depth. Thee 
gradient cannot be predicted accurately from s¢a gs ac 
temperature observations. Therefors, a correlation between 


thermocline gradient and dynamic height was investigated. 
The gradient from one hundred meters showed the stronges* 
Serrelation with dynamic height. The possibility @xists, 
then, to predict the gradient from measured values of 


dynamic heights along the track. 
See OVERALL OBSERVATIONS 


1, An Zddy on the Southeas+ 


A warm eddy formed in the observation area. Fes 


bDégan as an intrusion of warm water (the meander imaged bv 


p> 


satellite on 17 November) and evertuaily appeared *o forn 


Smoeced Ci>rculation. Bas2d on the November image, the eddy 
appeared to have a 90-nautical-mile (165 kilometer na jor 
axis and a 60-nauticai-mil2e (110 kilometer) minor axis. BY 


the end cf the experiment, the major axis had decreased to 
about 60 nautical miles, Witdle he miror axis did not 
decrease significan«ly. 

The sea surface *“emperature and mixed layer depth 


Meme hiqhiy correlated across «the eddy. The southeast 
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"wall" of this eddy displayed sharp gradients of both sea 
surface temperature and mixed layer depth. The correlation 
Meswconsistently strong enough to infer that the influence 
of «he eddy was confined to the vertical area directly below 
miewsurface thermal manifistation, that is, the fron: which 
existed between the eddy water and the surrounding water had 
a slope which approached ninety degrees, especially to «he 
southeast of the eddy. 


The gradient computed from the first five meters of 
the thermocline showed a negative correlation with position 
in seven of eight flight tracks. T[h2 gradient was stronges~ 
momthe c€ast of station nines. Station nine lies near the 
boundary between the cCésntral Subarctic Domain and <che 
Transitional Domain. 

The gradient computed from five meters was more 
correlated with position in November than in December. 


fable XXII lists the SOrmreclatconm COC ert2tcients for ‘tha 


gradient from five meters. 


Of =he grada@ents computed, ‘the gradien= from five 
meters and the gradient from one hundred meters generally 
Mae the bes: correlation with position. A+ten O 
mixed layer depth were ganerally more successful using «he 
gradient computed from 100 meters. This is to be expected 
as the gradient computed from 100 meters ds to smcoth 
mers introduced by an arbitrary starting point the 
strength of the five meter gradient could vary by as much as 
twenty percent depending on what depth was selected as tne 
mepeot =the thermocline. Table XXII lists the two gradients, 
Meet light =rack, which exhibited che largest maaqnitude 


MemeelatiOn with position on the flight track. 
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Pass LXE 


Sopeclat2onm COceE 2 cisnt (fr) tor Gradien+ from 5 meters 
VS. fOSr Tt Lon 


PLtGHT DATE CORRE TAEON CORFFICIENT .(7) 


Nov -0.818 
Nov - : 
Nov - 

Dec - 
Dec - 
Dec + 
Dec - 
Dec - 


— a eo | 


USVI US od LO ~J UT 


(south) 
(TOE <Q) 


HDADNNE Why — 


Ra sl eck tL 


fPeedeen=-s M@s. Correlated with Position (by Flight). 


FLIGHT DATE GRADIENT (=) 
1 15 Nov 5 =07 5 13 
i =O 412 
2 17 Nov 5 6 Sesie: 
100 lls See 
3 19 Nov 5 -0.766 
50 tO 202 
4 1 Dec 5 -0.159 
59 £051.15 
=) 3 Dec 100 40.342 
5 =O475 
Be (S) 3 Dec 1090 POEs 19 
50 “AiO s)a)S, 
6 5 Dec 100 +0.781 
50 +0.542 
6 (N) 5 Dec 100 OR 524 
5 =O. 129 
het 2: . ; 
ieee track five south, indicated by a and 
jelack SiX NOEth indicated by 6(N). 
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3. Sea Surface Temperature 


The sea surface «emperaturs correlated with position 
Seeelil flight tracks. This is due in part= to the system of 
specifying positions on the line. LenS Seat ent erest ang 
to note that the sea surface temperature increased almost 
linearly along the track until reaching the eddy. There, a 
second order fit with position was more appropriate. Table 
Merrit iists the correlation ccefficient computed for sea 


Surface temperature vs. position for each «rack. 


TAS LESSA TLL 


moerse lation Coefficien= (rr) for SST vs. Track Position. 


FLIGHT DATE ENTIRE TRACK EDDY sLOCAT LON 
1 15 Nov 0.856 -9.125 
Z 17 Nov 0.909 -).416 
3 19 Nov 0.569 -9.480 
ly 1 Dec 0.909 -9.648 
5 3 Dec 0.894 -9.476 
5 (S) 3 Dec 0.982 71 od 
6 5 Dec 029-17 -9.795 
6 (N) 5 Dec 9.954 0.491 


: ady HOGase2on Ls the ar oe track correlation 
between buoys that would define the eddy 
Meundari=es (Stations 4 to 24 on 17 November). 


The objective of this study was not the formulation 
Seea predictor for sea surface temperatur:. Observed sea 
surtace temperature patt+arns did show when deviations from 
the expected climatolcgy occurred. The sea surface tempera- 


miee Gradients, in particular, provided very good informa- 


mom tO> Gefining frontal conditions at the eddy. Although 
values ou sea Surface temperatures Gad noe zaply 
corresponding values of mixed layer depth with any 
Bertability, the sharp gradients of surface *emperature 
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pomaq =he track did occur in conjunction with similar 
gradients of mixed layer depth. 

Satellite-derived sea surface temperature gradients, 
then, can be used to modify sound velocity profiles when 
water mass discontinuities are observed. As a first guess, 
a Single bathythermograph could provide temperatures, while 
satellite-derived surface temperatures could be used to 
modify the measured vertical structure a* another location. 
The sea surface temperature gradients would be useful as 2 
@ects20n aid for predicting the changes occurring in the 
mixed layer depth. A vertical temperature structure along 


the proposed track could be worked out in this manner. 


Pa oie) kA 

Meeeeclatton Cocrficient (r) - MLD vs. Track Position. 
FLIGHT DATE Pho he TAC K BoD LOCATON 

1 15 Nov -9.149 =Q0225 1 

2 17 Nov = Oe oo -0.607 

3 19 Nov “90.641 -0.544 

4 1 Dec -0.655 -9.931 

5 3 Dec -0.569 = eo 

=) (S) 3 Dec -0.845 =Ogo2/ 

6 5 Dec -0.827 -0.954 

6 (N) a Dec oe oF =O59 7 2 
Note: Eddv location is the same as in the previous table. 


The mixed layer depth varied along each track. 
Sometimes i+ would correlate with position, but seldom would 
the correlation be as high as for sea surface temperature. 
The correlation was always negative, that is the mixed layer 

S 


shallowed toward the coast. Bhasees 
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Slamatolcgical deéScription of the area. Re Transitional 
Domain is characterized by a weakening cf the halociline, 
warmer water, and shallower isothermal surface layers. 

The sea surface temperatur= indicated *the presence 
of a warm meander or eddy. The satellite image from 17 
November shows the thermal signature of warm water entrained 
Bae a COld area. Even so, the sea surface temperature 
Meaerally did not show as streng a correlation with pesition 
in the eddy as did mixed layer depth. Table XXIV shows the 
correlation coefficients for mixed laver depth vs. track 
Bee tion, both for the entire track and the eddy only. This 
may provide a means of estimating mixed layer depth in warn 
eddies. Satellites can be used to define «he surface 
boundaries of a warm eddy. Then mixed layer depth across 
moe eddy could be predict=d as a function of position in the 


eddy. 
TABLE XxV 
Soma aca eny COctemoten=s (=) £Of MLD vs. SST. 
Beeeght cr (entire track) r (ediy) 
1 0.334 02.970 
2 Oeaie 0 027858 
3 -0.101 02209 
4 -0.418 0.601 
2) ees oe Oo elise. 
oe (S ) =) tal Sis V5 Se 
6 -0.546 Oasis) 
6 (N) =a “0.433 
Nete: The paey Golbump seits=zs to corzelations of data 
Jeenesea only £rom Stations along the crack which 
include the eddy. 





Pe eico mic ecr D> =Den sand Sta Surtece Temperature 


Mixed layer depth and sea surface temperature showed 
Hietle correlation in November, but ‘t+he December flight 
tracks showed an stmeng increase in she correlation 
coefficient for the entire track. The eddy displayed a 
strong mixed-layer-depth sea-surface-temperatur2 correlation 
in November, decreasing somewhat in December. Table XxXV 
Summarizes the correlation coefficients for mixed layer 
depth and sea surface temperature for each Gay t1oc 


observations. 
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V. CONCLUSIONS AND RECOMMENDATIONS 


foe CONCLUSIONS 


Satellites can be used to map sea surface conditions, 
particularly sea surface temperature. FO= NStRe]  “G2tai, 
knowledge of sea surface temperature and position along «he 
flight track was used <5 modal mixed layer depth. thes 
model correlated poorly with in situ observations. When 
gradient in the thermocline was adied to the model, the 


correlation increased significartly. 


The gradient in the thermocline may be predicted (with 
low confidence) from satellite altimeter measurements of *he 
ocean surface. A useful relationship between thermocline 


gradient and the dynamic topography variations nay exist. 
The moS= striking result of this study was the strong 
correlation observed between sea surface temperature and 
mixed layer depth across a warm eddy. Saztelliitce imagery 
provided z=he location of the eddy boundaries with a high 
degree of accuracy. The strength of this surface thermal 
Meemt 15 an indication of mixed layer depth variability ina 
the area. Qualitatively, alarge thermal gradient at thea 
surface indicates a correspondingly larg= change in mixed 
layer depth. Across the southeastern boundary of the warn 
eddy, the sea surface temperature ane mixed layer depth 
Changed siginificantly in the sam2 sense (both increased 
*ogether when tracked from the northwest to the southeast). 
Uncorrected satellite tamperatures in the area displayed 
observed AXBT séa 


ho the track 2S aed 
Surface *emrperatures. The variations cf sea surface temper- 


*he same variations alo 


Beare (cthermal qradients at the surface) conxain «he infor- 


Mation needed to locate anomalies such as the warm eddy 
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observed in the southeastern part of the flight tracks. Ths 
NOAA-6/7 satellites can resolve 0.5 degree Kelvin tempeéra- 
tures at one-kilometer resolution. Frontal areas can be 
identified and accurately Ilecated. The AXBI's provided 
temperature values at 55-kilometer intervals, which were 
sufficient to observe that the eddy did exist, but were not 
sufficient to pinpoint the eddy boundaries. Satellite 
imagery, providing temperature values at one-kilometer 
intervals, can be used to specify the boundaries of a front 


or eddy more accurately. 


Bo. RECCMNENDATIONS 


in future experiments in the ASTREX Geog One 
consideration should be given “*o investigatin Satellite 


located-anomalies such as the warn e2ddy observed during 
be 


ASTRE X. Until a satellite aitimeter com2=s available, 
dynamic heights must be calculated indirectly from other 
observed variables. Therefore, *he salinity should be 


measured in any future test area. 

Various models of mixed layer depth must be explored. 
In addition to modeling the mixed layer asa function of 
position, séa surface temperatur= and gradient in «the 
mBheemociine, additional factors should be added. These 
facters should include wind mixing in the mixed layer based 
on observed wird speeds in the area, dynamic heidakhts 
associated with «racks exanined, and possibly observed sea 
state in the area. 

Another model which could orove very uasefui would 
include the erfects of wind speed and duraticn on the nixed 
layer depth. Wind was not used as 32 factor in this study, 
but it is an important slement in the formation of the mixed 
layer. Between the November and December flights, wind 


speed increased and so di2@ mixed layer depth. inetcunen-s 





Such as <he SMMR on NIMBUS-7 can provide scaler wind fields 
fOr an area. The formulation of mixed layer de 
function of magnitude and duration of wind, s2#a surface 
temperatures, and other factcrs may provide the best model 


of mixed layer depth. 
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Figure A.1 Gradient from 5 meters vs. Position 
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Figure A.2 Gradient from 15 meters vs. 
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Figure A.3 Gradient from 50 meters vs. Position (15 Nov}. 
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Figure A.W Gradient from 100 meters vs. Position (15 Nov). 
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Pigure A.5 Gradient from 5 meters vs. Position (17 Nov). 
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Figure A.6 Gradient from 15 meters vs. Position (17 Nov). 
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Figure A.8 Gradient from 100 meters vs. Position (17 Nov). 
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Pigure A.9 Gradient from 5 meters vs. Position (19 Nov). 
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Pigure A.10 Gradient from 15 meters vs. Position (19 Nev). 
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Figure A.11 Gradient from 50 meters vs. Position (19 Novi, 
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Figure A.12 Gradient from 100 meters vs. Position (19 Nov), 
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Figure B. 174 Gradient from 15 meters vs. Position (1 Dec), 
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Figure B.16 Gradient from 100 meters vs. Position (1 Dec), 
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Figure B.17 Gradient from 5 meters vs. Position (3 Dec). 
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Figure B.18 Gradient from 15 meters vs. Position (3 Dec). 
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Pigure B.19 Gradient from 50 meters vs. Position (3 
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Figure B.20 Gradient from 100 meters vws. Position (3 Dec), 
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Figure B.21 Gradient from 5 meters vs Position (3 Dec - 
South), 
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Figure B.23 Gradient from 50 meters vs Position (3 Dec - 
South), 
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Figure B.24 Gradient from 100 meters vs Position (3 Dec 
=e SOM eh). 
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Figure B.25 Gradient from 5 meters vs. Position (5 Dec). 
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Figure B.26 Gradient from 15 meters vs, Position (5 Dec), 
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Figure B.27 Gradient from 50 meters vs. Position (5 Dec), 
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Figure 8.28 Gradient from 100 meters vs. Position (5 Dec). 
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Figure B.29 Gradient from 5 meters vs. Position (5 Dec - 
North), 
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Figure B.30 Gradient from 15 meters vs.Position (5 Dec - 
North), 
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Figure B.31 Gradient from 50 meters vs.Position (5 Dec - 
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Pigure B.32 Gradient from 100 meters vs. Position (5 Dec - 
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TABLE XXXIV 


Model Equations for MLD (15 November). 


Model Variables Equations 


Sis MLD = 
SST, Position MLD = - 122 
=" 20CVS eee 208) 
+ 14.6 (SST) 
eo, POSItion MLD = - 105 
Gradient (100f - 0.0718 position) 
¢ 10.5 1 ni 
+ 62.3 (GRAD(100)) 
Notes: . 
1. SST, is sea surface temperatures, . 
fee OSL. -2.0n Tefers to station Meera ces 
relative to the nost seaward station. 
3. GRAD (100) refers to the gradient 
computed from the upper 100 meters of 
the thermocline. 
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TABLE XXxXv 


Model Equations for MLD (17 November). 


Model Variables Equations 


Sol Mp = + 43.7 + 1.01 (SST) 
Son, POSition MLD = 7 
; = 3/0465 (position) 
Oso" (SST) 
Sem, Position, 
@erdsen= (15) MLD = + 62.8 — 
=U 093 (Cees: ton) 
+ 12.3 art 
- 43.1 (GRAD(15)) 
Sem, Position 
Gradient (100f MLD = - 88.2 
- 0.115 ese eon) 
+ 17.3 (S52) 
+ 818 (GRAD (100) ) 


TABLE XXXVI 


Model Equations for MLD (19 November). 


Model Variables Equations 


Ssh MeDe= + 165.7 = 90.86 (SST) 
See, Position MED = + 1729 — 
= 0055 1 Leora) 
+ 37 1. (SSr) 
Sem, Position, 
Gradient (5) MLD = - 7.46 
- 0.045 (Bose erOn) 
+ 4.58 Sv) 
+ 31.2 (GRAD(S5)) 
en, Position 
Gradien= (100f MLD = + 18.2 wer 
=) 52055 (8osi*2 on) 
+ 3.72 ) 
- 8.62 (GRAD(100)) 
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TABLE XXXVII 


Model Equations for MLD (1 December). 
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Sol, . Posi 
Gradient 


ste Be 
(50 


Ny 
) 


SST, Position 
+~(100f 


Gradien 


Model Equations for MLD (3 December, 


Model Variables 


Soy 


SST, Position 


Soy, Posi 
Gradient 


Soi, , Posi 
Gradient 


( 


( 


aE 
7 


2k 
7 


on 
5)" 


355 


Equations 


MLD 
MLD 


MLD 


MLD 


++i¢+ 


+++ 


92.5 -2.03 (SST) 


28.9 —— 
0.061 BROS OR) 
(SST) 


3 

6 (2eS7*~10n) 
Ji tSSt) 

- (GRAD (50) ) 


TABLE XXXVIII 


Equations 
MLD = + 95.5 - 2.48 (SST) 
MLD = + 40.61 
- 0.0683 Bao S ameron) 
+ Heo0 (S52) 
Bip = 4+ 5720 
- 0.043 (Position) 
+ O'S 9> . (Ss) 
+ 118.2 (GRAD (15)) 
MLD = + 71.7 
- 0.064 Meee on) 
- 3.61 ST) 
+ 1384 (GRAD(100)) 
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TABLE XXXIX 


Modi Equations for MLD (3 December, South). 


Model Variables Equations 


Sor MLD = + 95.5 ~ 2.48 (SST) 
SST, Position MLD = + 40.61 
- 0.0683 pea een) 
+ S10 {SST) 
Sst sition 
Beads ane (50) ’ fEpD = + 27 
- 0.021 Hees == 8) 
+ 0.85 (SST) 
~ 936.6 (GRAD (50)) 
So.,. Position 
Gradient (100f Yene= + 102 ae 
- 0.9044 (Position) 
+ 103.0 (GRAD (100}) 
TAELE XL 


Medel Equations for MLD (5 December, Center). 


Model Variablés Equations 


Sst Maa + ee = 3538) (SST) 
aon, POlSition MLD = + 12.40 ee 
- 0.103 eee?) 
+ 8.18 (SST) 
Ser. Position, 
Gradien+ (5) MLD = + 8.23 
= O60 (Postt 2or) 
#79 2 Speae 
+ 290.9 (GRAD(5)) 
Sol, POSition 
Gradient (100s MLD = + 20.2 
-~ 0.099 (Position) 
#96:../10 (SS7T} 
+ 187.4 (GRAD (100) ) 
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TABLE XLI 


Model Equations for MLD (5 December, North). 


Model Variables Equations 


SST ALD = "9123 — 5207 (SST) 
Sol, Position MLD = - 43.7 
- 0.12 (eon 
ote 1) (SST) 
mo ,. Position, 
Gradient (5) MLD = + 3.23 | 
~ 0.10 (Position) 
+7592 (Sst) 
+ 20.9 (GRAD(5)) 
Son, Position 
Gradient (100f MLD = - 34.0 hee. 5 
- 0.114 (Position) 
+ 11.42 (5S } 
+ 174.7 (GRAD (100) ) 
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